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Abstract
There is a significant correlation between atmospheric electrification via thunderstorms
and the occurrence of large emissions of x-ray and gamma ray radiation known as Terrestrial Gamma Ray Flashes (TGFs). Some physical phenomenon may be explained by
either the RREA or Thermal Runaway models, but the scientific community as a whole
is still largely at work on the theoretical frameworks.

1

History

In 1994, the NASA Burst and Transient Source Experiment (BATSE) - a spacecraft utilized
for detecting large gamma ray bursts from cosmic events - detected an emission of gamma rays
on Earth on the order of 20 MeV. Following this, Stanford University published a study that
linked this Terrestrial Gamma Ray Flash (TGF) to a lightning strike that occurred within 2 milliseconds. Since then, the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI)
has observed TGFs with much higher energy signatures. On average, 50 TGFs are detected a
day, which is still statistically underwhelming considering there are more than 3 million lightning flashes a day. Still, this may simply be attributed to either error in instrumental precision
or the fact that TGFs occur at altitudes too low for the gamma rays to escape the atmosphere
[2]. There are several theories as to why TGFs occur, but this is highly limited by the lack
of general knowledge concerning upper atmospheric activity, and thus the primary theories of
RREA and Thermal Runaway are still in theoretical stages.

2
2.1

Background
Atmospheric Electrification

Before exploring the theories of why TGFs occur, it is vital to understand the processes that
are thought to produce atmospheric electrification. In order to produce TGFs of such significant
magnitudes (on the orders of MeV), the electrical field strength within a thunderstorm has to
be very large.

Figure 1: Charge accumulation taking place in a cumulonimbus thundercloud.
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Incidentally, vast charges do accumulate inside large thunderstorms due to strong updrafts
and mixed sources of precipitation. Within the freezing, central column of a cumulonimbus
cloud there exists a mixture of small ice crystals and larger, heavier hail-like stones called
graupel. As the updraft progresses through the cloud, the ice crystals rise as the graupels fall.
As the particles contact one another, they exchange charges, producing a large positive charge
accumulation near the anvil of the cloud and a large negative charge accumulation near the
base. Notably, there is also a small region of positive charge at the base of the thundercloud
due to precipitation and changes in temperature as well as an induced positive accumulation
on the ground as the negatively charged cloud base moves over the earth [4].
Incredibly, the total electrical field strength of a thunderstorm can be on the order of
1 × 109 V. If a single electron was to gain a total kinetic energy comparable to the total
potential stored within the thunderstorm, the electron would have more energy than the rest
mass potential mc2 of a hydrogen nucleus. Thus it is not inconceivable that at these energies,
nuclear disintegration or nuclear fusion events occur within the atmosphere [6]. Also, at these
magnitudes of energy, Wilson predicted that dielectric breakdown occurs in atmospheres above
the central charging regions of thunderstorms. In recent years, this has been verified through
incidences of upper atmospheric lightning including, but not limited to SPRITES (Stratospheric
Perturbations Resulting from Intense Thunderstorm Electrification) and ELVES (Emission of
Light and Very low frequency Electromagnetic pulse Sources). Upper Atmospheric Lightning
are generally referred to as Transient Luminous Events (TLEs) and are frequently associated
with occurrences of lightning.

Figure 2: Portrayal of various kinds of Transient Luminous Events (TLEs).
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2.2

Classes of Electrical Discharge

In studying any real world electrical discharge, it is important to note that there are several
different kinds of electrical discharge. There are two primary classes of electrical discharge:
sparks and arcs.
Sparks are considered to be noncontinuous, occurring at high values of electrical potential
V through a process of ionization known as runaway breakdown. Runaway breakdown occurs
as follows:
1. In the presence of a very strong electrical field, some natural phenomenon produces a
”seed” particle (usually a cosmic ray).
2. The seed particle imparts kinetic energy to an air molecule sitting inside this electrical
field. Ionization occurs, producing a positively charged air ion and a negatively charged
electron.
3. Due to the presence of the electrical field, the electron and air ion will be whisked in
opposite directions. The electron will gain a velocity several magnitudes greater than the
air ion due to a smaller mass.
4. Given sufficient kinetic energy, the electron bumps into another air molecule. The process
of ionization repeats, producing more ions and electrons. Each cycle of production is
referred to as an electron avalanche.
5. At the outer fringes of the electrical field, the electrons and ions will overcome the field
strength and recombine, emitting a photon as the electron falls to its original energy level.
The photon will proceed to ionize more air molecules [3].

Figure 3: Demonstration of a common form of spark discharge - a handheld tazer.
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Under the theory of RREA, lightning is generally considered a spark discharge. It is therefore
beneficial to outline the stages that a spark discharge undergoes as the electrical field strength
E is increased.
2.2.1

Coronal Discharges

A coronal discharge is an electrical discharge brought on by the ionization of a fluid via
runaway breakdown; most often the fluid is air surrounding a conductor. It occurs when the
electrical field strength E around a conductor is high enough to form a conductive region but
not yet strong enough to produce electrical breakdown outside of the corona. As the electrons
in the outer regions of the electrical field drop to their original energy levels via runaway
discharge, they emit photons that produce a corona. Coronal discharge is considered a highly
non-equilibrium process according to modern Thermodynamics, as only a small portion of the
total air molecules are ionized and the resulting electron avalanche is insufficient to heat the
fluid within the coronal region effectively.
Incidentally, the Coronal Inception Voltage (CIV) can be ascertained using Peek’s Law:
S
(1)
r
where α is an irregularity factor, to account for the condition of the conductors, r is the
radius of the conductors in cm, S is the distance between the centers of the conductors, and
Ev is the ”visual critical” electrical field, given by a series of recorded observations.
CIV = αEv r ln

Figure 4: A Wartenberg Wheel exhibiting a coronal discharge.

2.2.2

Streamers

Streamers, or Filamentary Discharge, is a transient electrical discharge that form at larger
magnitudes of electrical field strength E, exceeding the dielectric strength of air ( 30 kV/cm
at atm). Like before, accelerated electrons run into air molecules, creating a chain reaction
known as an electron avalanche. When the electrical field strength is equal to the breakdown
field strength, there is a balance between the number of electrons being ionized and the number
of electrons rejoining atoms. As the electrical field strength increases, the number of electrons
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increases exponentially into an electron avalanche. However, in the case of streamers, the
electrical field intensity E is sufficiently large enough to leave behind large amounts of positive
ions. These ions do move away in time, but since they are much more massive than electrons,
the process of moving away is magnitudes slower than their generation via electron avalanches)
[5]. This produces a space charge to build up, producing an electrical field Es comparable in
strength to the background electrical field E. Since these electrical fields are non-uniform, the
total electrical field intensity will become smaller in some areas, but become much larger in
others, spurring new avalanches to occur in the high-field regions [1]. Thus, a self-propagating
structure emerges: a streamer.

Figure 5: A high voltage Tesla Coil producing streamer discharges.

2.2.3

Leaders

If the electrical field intensity E is yet larger, the individual currents from multitudes of
streamers combine to form a hot, highly conductive channel traveling for large distances where
resistance drops significantly (approaching zero in critical regions) [5]. Leaders are effectively
projections of the electrical field into a gap similar to current traveling through a wire. Thus,
additional streamers will often form at the end of the leader. The leader will continue to extend
into the gap, doing so in jerky, irregular ”steps” - ergo the term stepped leaders - that are on
average, about 150 feet long in lightning. This will occur until either the gap is bridged or the
gap becomes too large to be able to cross.
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Figure 6: A lightning flash terminates, streamers emanating from the stepped leader.
On the other hand, Arcs are considered continuous charges, having the highest current
density J of any kind of electrical discharge and characteristically lower voltages than sparks.
Arcs - like sparks - begin through runaway discharge but since they are continuous, constant
electrical resistance generates heat. Heat induces ionization in the medium and eventually
generates a plasma. Thus, arcs are sustained via thermal ionization as opposed to runaway
breakdown in sparks.

Figure 7: An arc produced while welding. Notice the continuous flow.
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3

RREA

Relativistic Runaway Electron Avalanche (RREA) is one of the primary theories of TGF
production. In this theory, it is assumed that runaway breakdown is the sole cause of TGFs.
The average length that an energetic electron travels before it initiates an electron avalanche
may be defined as an avalanche length λ:
λ=

7300kV
)n
E − (276 kV
m n0

(2)

where E is the electrical field strength, n is the density of air, and n0 is the density of air at
STP. The maximum kinetic energy a single electron can gain over the avalanche length will be
the total work done by the electrical field:
n
)λ
(3)
n0
where fD is some frictional force due to air resistance. Combining the above equations, one
obtains the expression:
TM AX = We = (eE − fD

TM AX = (eE − fD

n
7300kV
)
n0 E − (276 kV
)n
m n0

(4)

In the regions of thunderstorms that satellites detect, the electrical field intensity E is
) n . Additionally, through Monte Carlo computer simulations, the
generally (300 − 3000 kV
m n0
[2]. Plugging these values in, one finds the maximum kinetic
typical value for fD is 270 KeV
m
energy of an electron TM AX ≈ 7 MeV. Since TGFs occur on the order of 20 MeV, this implies
that at least 3 electron avalanches are occurring (note electron avalanches must be measured
in positive integers by definition). Thus, by using real values and substituting them into the
equations for RREA models, we can deduce that runaway breakdown is in some capacity
occurring as predicted.
In general, the total flux of electrons produced by runaway breakdown may be determined
by the following expression:
φRE = S0 eξ

(5)

where S0 is the total flux of avalanche-forming ”seed” particles and ξ is the total number of
avalanche lengths, merely given by ξ = Lλ for a uniform length L.
If one assumes a minimum of 3 avalanche lengths - presuming an area of say, 100 km2 (a
conservative estimate for a large thunderstorm) - the total flux of ”seed” particles would have
to be 5 × 109 m−2 s−1 in order to initiate runaway breakdown [2]. This is 500,000 times more
than the maximum values of cosmic and background radiation (e.g. nuclear decay) combined.
Background radiation and cosmic rays alone are insufficient to explain the large numbers of
seed particles required for TGF production.

4

RREA w/ Relativistic Feedback

Relativistic Feedback is a mechanism proposed by J.R. Dwyer to generate large numbers of
seed particles, capable of sustaining runaway discharge [2]. It combines two kinds of feedback
loops: x-ray and positron feedback. X-Ray feedback occurs when the gamma ray produced
by an electron dropping to its original energy level scatters off of an incident electron. This
incident drops the energy of the gamma ray into an x-ray, and imparts significant kinetic energy
to the electron. At the same time, positron feedback is occurring as gamma rays undergo pair
7

production, producing an electron and a positron. Under these assumptions, TGFs would still
require an initial external ”seed” of some kind, but after this initial process, runaway discharge
would be virtually self-sustaining.

Figure 8: Contribution of feedback mechanisms plotted against electrical field strength. Note
positron bremsstrahlung and positron annihilation feedback are both secondary feedback mechanisms.
In the mathematical description of relativistic feedback, the total flux of runaway electrons
produced is viewed as a summation of some total number of feedback generations n. Defining
τ as the time between successive avalanche generations, the total flux may be described:
φRE =

t/τ
X

φn (t)

(6)

0

where each iteration may be defined by the following recursion relationship:
Z t
φn+1 (t) = γ
D(t − t0 )φn (t0 )dt0

(7)

0
ξ

This recursion is a rather complicated relationship where γ = eeξ0 is referred to as the
feedback factor and ξ0 is the number of avalanche lengths that result in a self sustaining runaway
discharge. Note that if γ > 1, this implies there is an avalanche generation rate sufficient to
produce breakdown. In Equation (6), there is also the presence of a transfer function D(t − t0 ),
which takes a particle entering the midplane of an avalanche length at time t0 and returns the
normalized distribution of the next generation of electrons entering the midplane (i.e. how
many particles will be energetic enough to continue avalanche generation) [2].
Notice that for first generation runaway electrons, a large occurrence of generation takes
place over a small increment of time and substantially decreases in higher generations. Thus,
the transfer function can be roughly represented by a dirac delta potential D(t−t0 ) = δ(t−τ −t0 )
[2]. This simplifies the recursion relationship to:
φn = γ n S0 eξ θ(t − nτ )

(8)

where θ(t − nτ ) is the unit step function. Plugging this into Equation (6), one obtains:
φRE = S0 e

ξ

t/τ
X
0
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γn

(9)

Figure 9: Number of runaway electrons on an avalanche plane plotted against relative time,
represented by the transfer function.
However, this sum may be broken up into several distinct cases:
t/τ
X
0

(
n

γ =

γ t/τ +1 −1
,
γ−1
t
+ 1,
τ

Plugging these cases into Equation (9), one may
 ξ
S0 e


 1−γ ,
t
φRE = S0 τ eξ ,
t


 S0 eξ e τ 0 ,
γ−1

γ 6= 1
γ=1

(10)

obtain the following:
γ<1
γ=1

(11)

γ>1

τ
where τ 0 = ln(γ)
. For the case of γ < 1, the RREA and relativistic feedback models merely
differ by some constant 1 − γ. However, particularly in the case of γ > 1, we have vastly
more complicated behavior. Recall that as the dielectric field strength is exceeded (i.e. Eatm >
Ebreakdown , the number of runaway electrons increases exponentially. As charge carriers become
more available, the avalanche region is able to be rapidly discharged. Under the model of
relativistic feedback, positron emission and x-rays will be detected as a rapid electrical discharge
occurs. This corresponds significantly with real-time observations, thus making relativistic
feedback a highly viable theory for TGF production [1].

5

Thermal Runaway

There are, however, some significant changes to the theory if one merely asserts that lightning is an arc discharge, and thus electrical resistance will create heat that ionizes the air to
the point of creating a plasma. This matches up significantly better with temperature and
current measurements [1]. The region of lightning that contains the largest current density J
and heat is likely to be the very tip of a lightning leader. Unfortunately, the electrical field
at the tip of the leader is highly nonhomogeneous and therefore the mathematics involved to
treat high-energy, nonhomogeneous plasmas will have to be invoked. This is highly nontrivial
[5]. However, since the initial stages of an electric arc still incur runaway breakdown (which is
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the reason why TGFs may still occur if lightning is treated as an arc), coronal discharge will
be present. By an indirect method of calculation, one may compare predicted characteristics
of these optical emissions such as fluorescent intensity to the reality.
Under the thermal runaway mechanism, the intensity of optical emissions can be given by
Moss’s model [5]:
Z
−6
Ik = 10
Ak nk dl
(12)
L0

where Ak is the radiation transition rate (how rapidly the ions within the plasma are transmitting/absorbing energy) of state k, and nk is the number density of excited states, which is
determined by the equation:
nk X
∂nk
=− +
nm Am + νk ne
∂t
τk
m

(13)

The number density is a relatively complex function of the total lifetime of state k, τk , the
description of ions within the plasma imparting or removing energy nm Am , and the description
of electron influence νk ne where ne is the number density of electrons and νk is some excitation
frequency given by the expression:
Z
νk = Nj σk ()u()f ()d
(14)
where Nj is the number density of unexcited electrons, σk is the ”functional electron cross
section” [4], u is the electron velocity, and f () is the normalized energy distribution. Finally,
one may define a fluorescence efficiency, which describes how much energy is imparted by
electrons into these optical emissions:
P
νk λ Eλ Ik (λ)
(15)
k = R
fD ()u()f ()d
Briefly, our expression for fluorescence efficiency is going to consist of summing over a range
of wavelengths of light, and integrating over some energy ranges that are a function of friction
fD , electron velocity u, and some thermal distribution function f (). Upon calculating the
fluorescence efficiencies for two common atmospheric byproducts of thermal runaway discharge,
2P N2 and N N2+ against varying electrical field strengths, the following data was compiled for
390-700 nm [5]:
E (kV/cm)
4.3
12.5
18.8

k (2P N2 )
0.0146
0.00287
0.0208

k (N N2+ )
0.213
0.0282
0.0443

Photons/m
6.2
10.7
18.8

Table 1: Fluorescence Efficiency for common atmospheric byproducts as a function of electrical
field strength.
According to calculations made for the fluorescence efficiency of common byproducts of atmospheric breakdown, as the electrical field strength increases, the photons per meter increases,
and thus the apparent brightness increases [1]. Thus by treating lightning as an arc discharge
and examining visible optical emissions, one is still able to find results that correspond with
reality.
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Conclusion

The process of creating Terrestrial Gamma Ray Flashes is still widely open to scientific
inquiry. The base assumptions of the methods of atmospheric electrification, the plights of
taking accurate data acquisition, and the disparency of electrical discharge methods are all
areas of open research. However, as of now, the relativistic feedback and thermal runaway
mechanisms make key candidates for investigating the formation of TGFs. There are still other
large areas of discrepancy not stated in this paper, but the research is promising, and motivation
for investigating the mysteries of the physical world is yet ever present.
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